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ABSTRACT
Arctic and subarctic soils are typically characterized
by low nitrogen (N) availability, suggesting N-lim-
itation of plants and soil microorganisms. Climate
warming will stimulate the decomposition of or-
ganic matter, resulting in an increase in soil nutri-
ent availability. However, it remains unclear how
soil microorganisms in N-limited soils will respond,
as the direct effect of inorganic N addition is often
shown to inhibit microbial activity, while elevated
N availability may have a positive effect on
microorganisms indirectly, due to a stimulation of
plant productivity. Here we used soils from a long-
term fertilization experiment in the Subarctic
(28 years at the time of sampling) to investigate the
net effects of chronic N-fertilization (100 kg N ha-1
y-1, added together with 26 kg P and
90 kg K ha-1 y-1, as expected secondary limiting
nutrients for plants) on microbial growth, soil C
and N mineralization, microbial biomass, and
community structure. Despite high levels of long-
term fertilization, which significantly increased
primary production, we observed relatively minor
effects on soil microbial activity. Bacterial growth
exhibited the most pronounced response to long-
term fertilization, with higher rates of growth in
fertilized soils, whereas fungal growth remained
unaffected. Rates of basal soil C and N mineraliza-
tion were only marginally higher in fertilized soils,
whereas fertilization had no significant effect on
microbial biomass or microbial community struc-
ture. Overall, these findings suggest that microbial
responses to long-term fertilization in these sub-
arctic tundra soils were driven by an increased flow
of labile plant-derived C due to stimulated plant
productivity, rather than by direct fertilization ef-
fects on the microbial community or changes in soil
physiochemistry.
Key words: Subarctic tundra; decomposition;
biogeochemistry; microbial ecology; nitrogen cy-
cling; bacterial and fungal growth; soil respiration;
plant–soil interactions; nutrient fertilization.
HIGHLIGHTS
 High levels of chronic fertilization had minor
effects on soil microbial activity
 Fertilization increased bacterial growth but not
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fungal growth
 C and N mineralization rates were only margin-
ally higher in fertilized soils
INTRODUCTION
Arctic and subarctic ecosystems are often charac-
terized by low nutrient availability, due to low
temperatures, which slow rates of organic matter
decomposition (Hobbie 1996). Nitrogen (N) avail-
ability, in particular, is usually found to be most
limiting in these systems, with evidence for N-
limitation reported for both plants (Shaver and
Chapin 1980; Atkin 1996) and soil microorganisms
(Weintraub and Schimel 2003; Sistla and others
2012). The availability of inorganic nutrients—in-
cluding N—in soils is expected to increase, due to
an acceleration of mineralization rates in response
to climate warming (Jenny 1980; Hobbie and oth-
ers 2002; Mack and others 2004). However, rather
than relieving nutrient limitation and increasing
microbial activity, the addition of inorganic N is
often found to reduce microbial growth and respi-
ration (Ramirez and others 2010; Rousk and others
2011; Kristensen and others 2018). This suggests
that increased inorganic N availability can inhibit
soil microbial activities (see reviews by Fog 1988;
Treseder 2008; Pregitzer and others 2008; Whalen
and others 2018). In contrast, increased N avail-
ability might have a positive effect on soil
microorganisms indirectly, via stimulation of plant
productivity which in turn provides organic matter
to fuel microbial activity (Wardle 2002; Mack and
others 2004).
In arctic and subarctic ecosystems, N-fertilization
(either with N added alone, or together with P and/
or K, as expected secondary limiting nutrients for
plant growth) has often been shown to increase
plant productivity and standing plant biomass
(Graglia and others 2001; Gough and others 2002;
Mack and others 2004; Van Wijk and others 2003;
Ravn and others 2017), resulting in increased plant
inputs to soil (Johnson and others 2000). In Alas-
kan tussock tundra systems, fertilization also in-
duced a clear shift in plant composition, with a shift
toward shrubs in an acidic tundra site and a shift
toward graminoids and forbs in a non-acidic tundra
site (Gough and Hobbie 2003; McLaren and
Buckeridge 2019). In a non-acidic Swedish sub-
arctic heath, despite an increase in the total abun-
dance of vascular plants with fertilization, there
were only minor shifts in the relative abundance of
different plant functional types (Van Wijk and
others 2003).
In contrast to the consistent effect of enhanced
plant productivity in high-latitude ecosystems in
response to fertilization, the effect on soil microbial
biomass is less clear, in part because there have
been very few assessments of long-term responses.
In short-term studies (< 5 years) microbial N has
typically been found to be higher with N-fertiliza-
tion, with no effect on microbial biomass C
(Jonasson and others 1999a; Buckeridge and others
2010; Churchland and others 2010). In long-term
studies of Alaskan tundra soils, after 16 and
26 years of fertilization, there were also no effects
of N-fertilization on microbial biomass C, and N-
fertilization even reduced microbial biomass N at
one site (McLaren and Buckeridge 2019). In con-
trast, in a long-term study in a Swedish subarctic
heath, after 15 years of fertilization, microbial
PLFAs were significantly higher in fertilized soils
(Rinnan and others 2007), an effect that became
even more pronounced after 18 years (Rinnan and
others 2013). In this case, it was suggested that the
effect of fertilization on microbial biomass may
increase over time, following the trajectory of in-
creases in plant productivity (Rinnan and others
2013). However, this requires further verification.
Despite the inconsistent effects of fertilization on
microbial biomass, there is evidence that fertiliza-
tion can affect microbial activity. In an Alaskan
arctic tundra system, although plant productivity
doubled with fertilization, soil C and N stocks de-
creased, indicating increased turnover of soil or-
ganic matter (Mack and others 2004). Similarly, in
the Swedish Subarctic, measurements of soil res-
piration in the field were 133% higher for fertilized
than control treatments, suggesting an acceleration
of C cycling with fertilization (Ravn and others
2017). Together, these studies suggest that elevated
N availability can have a profound effect on bio-
geochemical cycling belowground.
Although rates of soil C and N mineralization are
often assumed to be coupled (Hart and others
1994), recent studies have shown that this is not
always the case, particularly in N-poor soils (Rousk
and others 2016; Ehtesham and Bengtson 2017;
Kristensen and others 2018). Schimel and Bennett
(2004) suggested that in N-poor ecosystems,
depolymerization of N-containing compounds by
extracellular enzymes is rate-limiting in the pro-
duction of bioavailable N. If N availability increases,
however, microorganisms may be able to increase
the synthesis of N-acquisitioning enzymes (Wein-
traub and Schimel 2003; Sistla and others 2012),
resulting in enhanced rates of N depolymerization
and mineralization (Wild and others 2015). A re-
cent study of subarctic forest soils found some
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support for this theory, as increased N availability
reduced the C/N ratio of mineralization, suggesting
that microbial use of organic matter shifted to
components richer in N (Kristensen and others
2018). The N mineralization potential in Canadian
arctic tundra soils was positively correlated with
ammonium and dissolved organic N concentra-
tions, and negatively correlated with the soil C/N
ratio (Chu and Grogan 2010). This also validates
the expectation that N availability will be an
important determinant of N mineralization in N-
poor arctic and subarctic soils.
Here we used soils from a long-term (28 years at
the time of sampling) nutrient fertilization experi-
ment in the Swedish Subarctic (Michelsen and
others 1996), to investigate the effect of long-term
elevated N availability on microbial growth and soil
C and N mineralization rates. Owing to the docu-
mented sustained increase in plant productivity
with chronic fertilization at the experimental site
(see Jonasson and others 1999a; Graglia and others
2001; Illeris and others 2004; Campioli and others
2012; Ravn and others 2017), we hypothesized that
the increase in plant-derived C inputs to soil with
fertilization would result in (1) higher rates of
microbial growth. We also hypothesized that fer-
tilization would (2) increase rates of organic matter
mineralization, with N mineralization expected to
increase more than C mineralization (Schimel and
Bennett, 2004), resulting in a decrease in the C/N
ratio of mineralization. In addition to microbial
process rates, we also measured microbial biomass,
reflecting the recent history of microbial growth
(that is, biomass production) in the soils. As such,
we hypothesized that (3) microbial biomass would
be higher in fertilized soils, due to a history of
higher rates of microbial growth (see hypothesis 1
above), and that the effect size would be larger
than measured in earlier assessments at the site
(Rinnan and others 2007, 2013) if microbial bio-
mass followed the trajectory of increased plant
productivity in fertilized soils over time.
MATERIALS AND METHODS
Study Site and Field Experiment
The experimental site is a tundra heath, located just
above the treeline (450 m above sea level) near
Abisko in northern Sweden (6819¢ N, 1815¢ E).
The mean annual temperature is 0.2C and the
annual precipitation is 340 mm (30-year mean
1986–2015; Abisko Scientific Research Station,
2016), with the growing season lasting from June
to early September. Vegetation is dominated by the
dwarf shrub Cassiope tetragona, which accounts for
approximately one-third of aboveground biomass
(Michelsen and others 1996). Other low or dwarf
shrubs present include Empetrum hermaphroditum,
Vaccinium uliginosum, Rhododendron lapponicum,
Salix hastata, and Betula nana (Havstro¨m and others
1993). Abundant graminoids include Calamagrostis
lapponica, Poa alpigena, and Carex vaginata (Graglia
and others 2001). Moss cover at the site is about
40% (Sorensen and others 2012). Soils have
formed on base-rich mica schists and are classed as
Histosols (according to the IUSS Working Group
World Reference Base for soils 2006), whereby the
organic layer is 5–20 cm deep and the pH is close to
neutral (Table 1).
Experimental treatments to investigate the direct
and indirect effects of climatic warming were
established at the site in 1989. Here we used soils
from the fertilization field treatment, whereby
inorganic N together with P and K (as expected
secondary limiting nutrients for plant growth) have
been added to six replicated plots of 1.2 m 9 1.2 m
in June each year since 1989 (except in 1993 and
1998). Fertilizer loads equivalent to 100 kg N ha-1,
26 kg P ha-1 and 90 kg K ha-1, were added
annually in the form of NH4NO3, KH2PO4, and KCl,
respectively. The N application was considered to
reflect the magnitude of potential N release from
the soil of tundra ecosystems due to enhanced
mineralization rates under a climate warming sce-
nario (Mack and others 2004) and has had no effect
on soil pH (Table 1). Six additional replicated plots
of the same size, but without nutrient amend-
ments, served as a control.
CO2 Exchange
CO2 fluxes were measured at three time points in
June–July 2014, when the fertilization treatment
had been active for 26 years, using an EGM-4
Environmental Gas Monitor (PP Systems, Hitchin,
UK) with a sensor probe type 3. During measure-
ments, a transparent polycarbonate chamber was
placed on a permanently installed aluminum frame
(21.4 9 21.4 cm) that extended to 10 cm depth in
soil in each plot. The chamber headspace, which
was well mixed with a fan, was sealed air-tight by
adding water to a groove of the aluminum frame,
and CO2 concentration inside the chamber was
monitored. First, net ecosystem exchange (NEE)
was measured for 5 min, followed by lifting the
chamber to return to ambient CO2 concentration,
and then ecosystem respiration (ER) was measured
after darkening the chamber with a black cloth.
NEE and ER were calculated from the linear change
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in headspace CO2 concentration, and gross
ecosystem productivity (GEP) was estimated as
NEE + ER.
Soil Sampling
Soils were sampled in July 2016, after the fertil-
ization treatment had been active for 28 years. Soil
samples were collected from 6 to 8 randomized
cores (2 cm diameter) from each plot, including
only the O-horizon to a depth of about 5 cm. After
removing stones and visible roots, soils from each
plot were sieved, resulting in 12 independent
samples (2 field treatments 9 6 replicates). The
soils were stored at 4C in gas-permeable bags until
assessment, which occurred within 10 days of
sampling.
Soil Physiochemistry
Soil subsamples were used to measure gravimetric
soil moisture content (105C for 24 h) and soil
organic matter (SOM) content through loss on
ignition (600C for 12 h). Soil pH was measured in
a 1:5 (w:V) water extraction using an electrode.
The concentration of NH4
+ and NO3
- was deter-
mined in diffusion traps in a 1 M KCl soil extract
(see below).
Bacterial and Fungal Growth
Bacterial growth was determined by measuring the
rate of 3H-Leucine (Leu) incorporation in extracted
bacteria (Ba˚a˚th and others 2001; Rousk and others
2009). For this, 1.0 g fwt soil was mixed with 20 ml
demineralized water, vortexed for 3 min and cen-
trifuged (10 min at 1000 g). The resulting bacterial
suspension was incubated at 16C, with 2 ll 1-
[4,5-3H]-Leucine (5.7 TBq mmol-1, PerkinElmer,
USA) and unlabeled Leu with a final concentration
of 275 nM Leu in the bacterial suspension. Bacte-
rial growth was terminated after 2 h by adding 75
ll of 100% trichloroacetic acid. Centrifugation and
washing were performed as described by Ba˚a˚th and
others (2001). Scintillation cocktail (Ultima Gold;
PerkinElmer, USA) was added and the radioactivity
was measured using a liquid scintillation counter.
The amount of leucine incorporated into extracted
bacteria (pmol Leu incorporated g-1 SOM h-1) was
used as a measure of bacterial growth.
Fungal growth and biomass (ergosterol concen-
tration) were measured using the acetate-in-er-
gosterol incorporation method (Newell and Fallon
1991) adapted for soil (Ba˚a˚th 2001; Rousk and
others 2009), which estimates the rate of ergosterol
synthesis as a measure of fungal growth. 0.5 g fwt
soil was mixed with 20 ll of 14C-acetate solution
([1-14C] acetic acid, sodium salt, 2.07 GBq mmol-
1, PerkinElmer) and unlabeled sodium acetate,
resulting in a final acetate concentration of 220 lM
in the soil slurry. Samples were incubated at 16C
for 4 h before growth was terminated by the
addition of formalin. Ergosterol and incorporated
acetate were measured according to Rousk and
Ba˚a˚th (2007). The amount of acetate incorporated
into ergosterol (pmol g-1 SOM h-1) was used as a
measure of fungal growth. Ergosterol concentra-
tion was estimated from the UV absorbance at
282 nm compared with external standards.
Soil Respiration and Microbial Biomass
Respiration was measured using 0.5 g fwt soil in
20-ml glass vials. The headspace was purged with
pressurized air before the vial was closed with a
crimp lid. The CO2 concentration in the pressurized
air was determined in empty vials and later sub-
tracted to determine soil respiration. Vials were
incubated for 24 h at 16C before the headspace
CO2 concentration was analyzed using a gas chro-
Table 1. Physiochemical and Soil Microbial Properties of Control and Fertilized Soils Sampled from a Long-
Term Nutrient (NPK) Addition Experiment in Northern Sweden.
Control Fertilized
Water content (g H2O g
-1 dwt) 2.0 ± 0.2 2.0 ± 0.2
Soil organic matter (g g-1 dwt) 0.61 ± 0.05 0.59 ± 0.05
pH 6.8 ± 0.3 6.7 ± 0.2
NH4
+ (lg N g-1 SOM) 9.2 ± 0.9 12.0 ± 3.4
NO3
- (lg N g-1 SOM) 7.1 ± 1.0 7.5 ± 1.5
Microbial biomass (mg C g-1 SOM) 5.8 ± 0.5 7.0 ± 0.4
Ergosterol (lg g-1 SOM) 204 ± 13 205 ± 6
Data represent mean ± 1SE (n = 6).
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matograph equipped with a methanizer and flame
ionization detector.
Substrate induced respiration was measured as a
proxy for microbial biomass. Briefly, 12 mg 4:1
glucose/talcum was vigorously mixed into 0.5 g soil
(corresponding to 8 mg glucose-C g-1 soil fwt).
After 30 min, vials were purged with pressurized
air and incubated at 22C for 2 h before the con-
centration of CO2 was determined (as described
above). Substrate induced respiration was used to
estimate microbial biomass C, where 1 lg CO2 at
22C corresponds to 20 lg microbial biomass C
(recalculated from Anderson and Domsch 1978).
Gross N Mineralization and Nitrification
Gross N mineralization (that is, ammonification)
and gross nitrification rates were determined using
the 15N pool dilution method, as described by
Rousk and others (2016) with modifications.
Briefly, two subsamples of each soil (each 5.0 g
fwt) were weighed into 50 ml plastic tubes, to
which 115 ll NH4Cl (45 lg N ml
-1, enriched to 1
atom% 15N) was administered using a pipette. Soils
were immediately vigorously mixed with a spatula
to ensure even distribution of the added NH4Cl,
before pots were lidded. Soil NH4
+ and NO3
- were
extracted using 1 M KCl solution. One set of sub-
samples was extracted approximately 1 h after 15N
addition, and the second set was treated identically
after 16 h incubation at 16 C without light. NH4+
and NO3
- were isolated from the extract by diffu-
sion to acidified glass fiber traps, according to
standard procedures (IAEA 2001). The amount of
NH4
+-N and NO3
--N was determined by isotope-
ratio mass spectrometry (IRMS), and the 15N/14N-
content of the glass fiber traps were measured with
a Flash 2000 elemental analyzer coupled to a Delta
V plus via the ConFlow interface (Thermo Fisher
Scientific, Germany), at the Stable Isotope Facility
at the Department of Biology, Lund, Sweden. Gross
N mineralization, gross NH4
+ consumption, and
gross nitrification rates were estimated according to
the equations described by Bengtson and others
(2005).
Microbial Community Structure
Microbial PLFA composition was determined from
0.5 g frozen subsamples, according to Frostega˚rd
and others (1993) with modifications (Nilsson and
others 2007). An internal standard (methyl non-
adecanoate fatty acid 19:0) was added before the
methylation step for quantification. The derived
fatty acid methyl esters (FAMEs) were quantified
on a gas chromatograph with flame ionization
detector. Bacterial- (i14:0, i15:0, a15:0, i16:0,
16:1x9, 16:1x7, 10Me16:0, i17:0, a17:0, 17:1x8,
cy17:0, br18:0, 10Me17:0, 18:1x7, 10Me18:0, and
cy19:0) and fungal-specific (18:2x6,9) PLFAs were
used to estimate the relative abundance of these
functional groups (Frostega˚rd and Ba˚a˚th 1996;
Ruess and Chamberlain 2010). The sum total con-
centration of PLFAs (14:0, 15:0, 16:1x5, 16:0, 17:0,
18:1x9, 18:1, and 18:0, in addition to those listed
above as bacterial and fungal biomarkers) was used
as a measure of total microbial abundance.
Data Analysis
The effect of fertilization on soil physiochemical
properties, microbial process rates, and microbial
biomass variables was assessed by analysis of vari-
ance (ANOVA). Main and interactive effects of
fertilization treatment and time on gross ecosystem
productivity and ecosystem respiration were as-
sessed by repeated-measures ANOVA. Prior to
analysis, where necessary, dependent variables
were first log-transformed to meet the assumptions
(homogeneity of variance) of ANOVA. Significant
differences were identified where p < 0.05.
A principal component analysis (PCA) was also
used to screen for treatment differences in the
PLFA composition of the soil microbial community,
using the relative abundances (mol.%) of PLFAs,
after standardizing to unit variance. The scores of
the principal components were also subjected to
ANOVA (as described above). All statistical analyses
were performed using JMP 14.2 for Mac (SAS
Institute).
RESULTS
Soil Physiochemistry
The fertilization treatment had no effect on soil
water content, SOM, or soil pH (Table 1). There
was also no difference in the concentration of
ammonium and nitrate in control and fertilized
soils (Table 1).
Gross Ecosystem Productivity
and Ecosystem Respiration
Gross ecosystem productivity measured in 2014
was about four times higher in fertilized soils than
in controls (Figure 1A; p < 0.001) and did not vary
between the three measurement times, with no
significant interaction between treatment and time.
Ecosystem respiration was also higher in the fer-
tilized soils (Figure 1B; p < 0.001), but the effect
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varied over time as shown by the significant
‘Treatment x Time’ interaction (p = 0.04).
Bacterial and Fungal Growth Rates
Rates of bacterial growth were about 70% higher in
fertilized soils (Figure 2A; p = 0.01), whereas there
was no difference in fungal growth rates between
control and fertilized soils (Figure 2B). Conse-
quently, the ratio of fungal-to-bacterial growth was
about 50% lower in fertilized soils compared to the
control (Figure 2C; p = 0.03).
Soil C and N Mineralization
Soil respiration (that is, soil C mineralization;
p = 0.10) and gross N mineralization (p = 0.08)
rates tended to be higher in fertilized soils com-
pared to the control (Figure 3). This resulted in a C/
N ratio of mineralization of 36.1 ± 5.8 for the
control soils and 27.6 ± 5.7 for the fertilized soils,
ratios that were not statistically distinguishable.
Gross NH4
+ consumption did not differ significantly
between control and fertilized soils (Figure 4A),
whereas gross nitrification was lower in the fertil-
ized soils (Figure 4B; p = 0.04).
Microbial Biomass and Community
Structure
There was no difference in the total concentration
of microbial PLFAs, bacterial PLFAs or fungal PLFAs
in control and fertilized soils (Figure 5). There was
also no effect of fertilization on the concentration
Figure 1. Rates of (A) gross ecosystem productivity and (B) ecosystem respiration in control and fertilized soils, measured
in June–July 2014 after 26 years of nutrient (NPK) addition. Data represent mean ± 1SE (n = 6). Results from repeated
measures ANOVA (ns = non-significant).
Figure 2. Rates of (A) bacterial growth, (B) fungal growth and (C) the fungal-to-bacterial growth ratio in control and
fertilized soils after 28 years of fertilization in a subarctic heath, Northern Sweden. Data represent mean ± 1SE (n = 6).
Asterix denotes significant difference between control and fertilized soils according to ANOVA (*p < 0.05, **p < 0.01).
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of ergosterol or total microbial biomass determined
by substrate-induced respiration (Table 1).
Fertilization had no significant effect on micro-
bial PLFA composition, although there was a ten-
dency for lower PC scores for control soils and
higher PC scores for fertilized soils, along both PC1
and PC2 (Figure 6A). This trend appeared to be
related to higher relative abundances of the fungal
marker 18:2x6,9 toward negative variable loadings
and higher relative abundances of PLFA markers
associated with gram-positive bacteria (i15:0,
a15:0, 16:0, i17:0 and a17:0) toward positive vari-
able loadings (Figure 6B). There was also a higher
relative abundance of the gram-negative bacterial
PLFA cy17:0 toward positive PC scores and cy19:0
toward negative scores.
DISCUSSION
At the studied subarctic tundra site, soils have been
fertilized with inorganic NPK for 28 years, with N
addition equivalent to 100 kg N ha-1 y-1. This is a
high N amendment compared to the annual N
requirement for plant growth in tundra ecosystems
(ca. 5–25 kg N ha-1 y-1; Shaver and Chapin 1991;
Jonasson and others 1999b; Sulman and others
2019). This N addition also far exceeds levels of
atmospheric N deposition (< 5 kg ha-1 y-1) in
arctic and subarctic regions (Forsius and others
2010; Goth and others 2019). However, despite the
long-term history of a substantially elevated N
supply to the soils in our study, concentrations of
NH4
+ and NO3
- were not significantly higher in
fertilized soils (Table 1). This suggests that the ad-
ded NH4-NO3 was either rapidly immobilized by
microorganisms (Jonasson and others 1996;
Churchland and others 2010) or plants (Shaver and
Jonasson 1999; Choudhary and others 2016), or
lost from the system by volatilization, denitrifica-
tion or leaching.
At the studied experimental site, higher plant
productivity in response to the long-term fertiliza-
tion has been well-documented (Jonasson and
others 1999a; Graglia and others 2001; Illeris and
others 2004; Campioli and others 2012; Ravn and
others 2017). For example, in one of the most re-
cent assessments, after 22 years of fertilization,
vascular plant cover, shrub stem diameter, and fine
Figure 3. Rates of carbon and gross nitrogen
mineralization in control and fertilized soils after
28 years of fertilization. Data represent mean ± 1SE
(n = 6)
Figure 4. Rate of (A) gross nitrogen consumption and (B) gross nitrification in control and fertilized soils after 28 years of
fertilization. Data represent mean ± 1SE (n = 6). Asterix denotes significant difference between control and fertilized soils
according to ANOVA (*p < 0.05).
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root biomass were all significantly higher in fertil-
ized plots (Campioli and others 2012; Ravn and
others 2017). We also found evidence for higher
plant productivity with fertilization, as rates of
gross ecosystem productivity measured after
26 years of fertilization were about four times
higher in fertilized plots than controls (Figure 1A).
We therefore expected that this increase in plant
productivity would result in higher rates of micro-
bial growth in fertilized soils. We also expected that
fertilization would increase rates of C and gross N
mineralization (Schimel and Bennett 2004). Sur-
prisingly, despite the high nutrient loading rates
and long-term duration of chronic annual addi-
tions, the only clear effect that we observed was
higher bacterial growth in fertilized soils (Fig-
ure 2A), whereas there was no effect of fertilization
on fungal growth (Figure 2B). This finding is in
broad contrast with several studies where the
addition of inorganic N in laboratory microcosm
systems inhibited bacterial growth and tended to
increase fungal growth (Rousk and Ba˚a˚th 2007;
Kristensen and others 2018; Silva-Sa´nchez and
others 2019). This contrast between responses to
inorganic N-additions to soils in plant-free labora-
tory microcosms and responses to N-fertilization in
intact ecosystems studied in the field, suggests that
the long-term fertilization in our study did not di-
rectly affect microbial growth rates and that the
enhanced bacterial growth in fertilized soils was
instead due to indirect effects driven by plants.
There have been many reports of increased plant
productivity with fertilization at the studied site
(for example, Illeris and others 2004; Ravn and
others 2017), with 35% higher vascular plant cover
measured after 22 years of fertilization (Campioli
and others 2012). More productive ecosystems are
typically associated with more bacterially domi-
Figure 5. (A) Total microbial PLFA, (B) bacterial PLFA and (C) fungal PLFA concentrations in control and fertilized soils
(reported per g soil organic matter; SOM) after 28 years of fertilization. Data represent mean ± 1SE (n = 6). Note different
y-axis scales among panels.
Figure 6. Microbial community structure in control and fertilized soils after 28 years of fertilization, according to a
principal component analysis (PCA) of the PLFA composition (expressed as mol.%). (A) Scores of the first two principal
components, together explaining 68.2% variation (data represent mean ± 1SE; n = 6). (B) Loadings of the first two
components from the PCA of PLFA composition, showing the PLFA markers driving the separation among samples in A.
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nated energy channels (Moore and others 2003;
Wardle and others 2004). This may explain our
results, if increased inputs of labile plant-derived C
in fertilized soils were used by bacteria, supporting
higher bacterial growth rates. The N demand of
bacteria is higher than fungal N demand (Strick-
land and Rousk 2010) and bacteria also exhibit
stoichiometric homeostasis (Sterner and Elser
2002), which should result in a clear dependence of
N immobilization on bacterial growth. Although
there was a tendency for higher N consumption in
fertilized soils when data were aggregated (Fig-
ure 4A), there was no significant relationship be-
tween bacterial growth rate and N consumption
(data not shown; p = 0.23).
We hypothesized that fertilization in this N-poor
ecosystem would increase rates of organic matter
mineralization. We also expected that fertilization
would increase N mineralization more than C
mineralization (Schimel and Bennett 2004),
resulting in a decrease in the C/N ratio of miner-
alization, as previously observed following the
addition of inorganic N to subarctic forest soils in
microcosm systems (Kristensen and others 2018).
Instead, we observed marginally higher rates of
both C and N mineralization in fertilized soils
(Figure 3), and although there was a trend for a
decreased C/N ratio of mineralization, the differ-
ence was not significant (p = 0.32). This finding is,
however, consistent with our interpretation of
higher bacterial growth rates in fertilized soils,
driven by the higher primary productivity (Fig-
ure 1A) and thus more labile plant-derived C in
these soils, resulting in higher respiration rates.
Previous measurements of soil respiration in the
field were found to be 133% higher with fertiliza-
tion (Ravn and others 2017). Although root bio-
mass was found to be almost twice as high in the
fertilized soils, it is unlikely that this increase in
respiration would be solely attributed to increased
root respiration. The d13C signal of respired CO2
was also found to be unaltered, suggesting that
fertilization accelerated the whole C cycle, with no
difference in the proportion of newly fixed plant-
derived C or older soil C that was mineralized. As
such, in this case, Ravn and others (2017) con-
cluded that the higher input of new plant C may
have primed the decomposition of soil organic
matter, explaining the unaltered d13C signal. In
contrast to the measurements of soil respiration in
the field, rates of basal soil C mineralization in our
study were only marginally higher in fertilized
soils. This suggests that a flow of recently fixed C
inputs from plants explained the enhanced respi-
ration rates measured in the field observed by Ravn
and others (2017). A similar finding was reported
in response to long-term fertilization of Alaskan
tundra soils, where there was no significant effect
of fertilization on basal soil respiration, despite
fertilization increasing ecosystem respiration by
two to fourfold (Johnson and others 2000). Com-
bined with these earlier results, our findings sug-
gest that fertilization may drive changes in soil
respiration in the field through short-lived effects
on plant productivity (that is, via increased plant-
derived C inputs which are rapidly respired), rather
than due to changes in the properties of soil organic
matter or microbial community structure.
Some studies have reported higher gross nitrifi-
cation rates following N-fertilization (Hungate and
others 1997; Barnard and others 2005). However,
in our study, gross nitrification was significantly
lower in fertilized soils (Figure 4B). Ammonia-ox-
idizing archaea have been shown to be more
abundant and active than ammonia-oxidizing
bacteria in both pristine and managed agricultural
soils (Leininger and others 2006), as well as in high
arctic tundra soils (Lamb and others 2011). It has
also been shown that N-fertilization reduces the
relative abundance of archaeal ammonia oxidizers
(Di and others 2009; Taylor and others 2012) along
with their contribution to nitrification (Taylor and
others 2010). This may explain our results. If
ammonia-oxidizing archaea dominated nitrifica-
tion in these subarctic soils, an archaeal inhibition
by inorganic fertilizer addition (Taylor and others
2010) could result in reduced rates of nitrification.
The response of microbial biomass to long-term
fertilization at the studied experimental site has
been measured over time. In early assessments,
after 5 and 6 years, there was no significant dif-
ference between microbial biomass C in control
and fertilized soils (Jonasson and others 1999a;
Ruess and others 1999). However, after 15 years of
chronic fertilization, several metrics of microbial
biomass were found to be higher, including 16%
higher microbial PLFA concentrations in fertilized
soils (Rinnan and others 2007). After 18 years of
fertilization, the effect of fertilization increased
further, with 31% higher microbial PLFAs in fer-
tilized soils (Rinnan and others 2013). These later
studies suggested that the effect of fertilization on
microbial biomass may have taken time to mani-
fest, potentially reflecting the long-term increase in
plant productivity (Graglia and others 2001). As
such, we expected to observe even more pro-
nounced differences in microbial biomass after
28 years of fertilization. However, none of the
measures of microbial biomass that we determined
here were significantly different, or even suggested
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a trend for difference, between control and fertil-
ized soils (Table 1 and Figure 5). One explanation
for the inconsistent effects of fertilization on
microbial biomass over time may be inter-annual
differences in temperature and rainfall, if the effect
of fertilization on plant productivity—and thus on
microbial biomass—was amplified under more
favorable environmental conditions. In this case,
the years where microbial biomass was found to be
higher in fertilized soils (that is, 2004 and 2006
after 15 and 18 years of fertilization) should coin-
cide with years where temperatures were higher
and there was more rainfall in the growing season
preceding soil sampling. There is some evidence to
support this explanation, as the average tempera-
ture during the growing season (June–August) was
higher in 2004 and 2006 compared to 1993, 1994,
and 2016 when the other assessments were con-
ducted (Supplementary Table 1). Although total
rainfall during the growing season varied consid-
erably among years, this did not correspond to the
observed differences in microbial biomass re-
sponses to fertilization over time (Supplementary
Table 1). The time of soil-sampling may have also
contributed to the inconsistent responses among
studies, as the soils in our assessment were sampled
in July 2016, whereas the soils from the 15- and
18-year assessments were sampled in mid- and
late-August, respectively (Rinnan and others 2007,
2013). The later sampling times may have therefore
increased the power to detect differences between
control and fertilized soils, if the fertilization effects
on plant productivity and thus microbial biomass,
accrued over the growing season.
After 15 years of fertilization at the studied site,
shifts in microbial community structure were re-
ported (Rinnan and others 2007), whereas here,
after 28 years of fertilization, microbial PLFA
composition in control and fertilized soils were
statistically indistinguishable (Figure 6A). The ob-
served tendency for differences was, however,
consistent with some results from the previous
study, with a higher relative abundance of PLFA
markers associated with gram-positive bacteria in
the fertilized soils (Figure 6B). Our results also
suggest a lower relative abundance of fungi in
fertilized soils, which mirrors findings from a nat-
ural fertility gradient of boreal forest floors in
Northern Sweden (Rousk and others 2013) and a
long-term N-fertilization experiment in the UK
(Rousk and others 2011). In contrast with these
studies, the addition of inorganic N to subarctic
forest soils in the laboratory increased the abun-
dance of the fungal PLFA marker (Kristensen and
others 2018). Taken together, these results suggest
that the direct effect of N-fertilization may increase
the relative abundance of fungi, and the lower
relative abundance of fungi observed across natural
fertility gradients (Rousk and others 2013) and in
field-experiments (Rousk and others 2011 and our
study) may be an indirect response driven by
nutrient effects on plant productivity and/or plant
community composition. Microbial community
composition is often found to be responsive to
changes in plant communities, likely due to the
change in the physiochemical properties of litter
and root inputs from different plants (Thoms and
others 2010; Leff and others 2015; Hicks and others
2018). At the studied heath site, fertilization has
reduced the abundance of mosses and lichens and
increased the abundance of vascular plants (Graglia
and others 2001; Campioli and others 2012).
However, despite the increased abundance of vas-
cular plants, there have been only subtle shifts in
the relative abundance of functional types, with no
consistent trajectory toward shrubs (Van Wijk and
others 2003). The limited change in plant com-
munity composition in response to fertilization
(that is, no large changes in the physiochemical
properties of plant inputs) may therefore explain
why more pronounced changes in microbial PLFA
composition have not occurred.
Overall, despite the long-term history of sub-
stantially elevated nutrient supply to the soils in
our study, we observed relatively minor effects on
microbial activity. The most pronounced effect that
we observed was a higher rate of bacterial growth
in fertilized soils than controls, while fungal growth
was unaffected. This resulted in a lower fungal-to-
bacterial growth ratio with fertilization, indicating a
shift to more bacterially dominated decomposition
in these soils. We also found that rates of soil C and
N mineralization were only marginally higher in
fertilized soils than controls. This was in clear
contrast to measurements of soil respiration made
in situ at the studied site, where fertilization in-
creased the CO2 efflux from soils by 133% (Ravn
and others 2017). Combined with these earlier
findings, our results suggest that microbial re-
sponses to long-term fertilization in these subarctic
tundra soils are likely driven by the increased flow
of labile plant-derived C—due to stimulated plant
productivity—rather than due to direct fertilization
effects on the microbial community or changes in
soil physiochemistry. This suggests that plant re-
sponses to elevated nutrient availability, as a result
of future climate warming in high-latitude soils,
will be crucial in determining the response of soil
microbial activities belowground.
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